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Using micro-Raman spectroscopy, we study backscattering from (010) and (170) surfaces of [001]-
grown superlattices and establish experimental selection rules. By changing the momentum transfer g
parallel to the superlattice layers over a wide range (0=<¢q; =9X 10° cm™!), we studied the dispersion of
the interface phonons. The measured dispersion curves are compared to calculations based on the

dielectric-continuum model.

I. INTRODUCTION

The optical phonons of GaAs/AlAs [001]-oriented su-
perlattices (SL’s) have attracted considerable interest
since their early observation.! The present state of under-
standing is reviewed in several recent articles.2”® The
confined optical modes in the GaAs layers could be mea-
sured up to high order’ ~° and the corresponding frequen-
cies are close to the appropriately folded phonon disper-
sion of bulk GaAs known from neutron-diffraction exper-
iments.!® For the confined modes in the AlAs layers a
considerably smaller energetic spacing is expected from
calculations of the phonon dispersion in bulk AlAs.!!!2
It is therefore difficult to resolve the signals of the various
order confined modes of AlAs layers even when they are
only some monolayers thick. Recent experimental results
for a superlattice consisting of GaAs and AlAs layers of
six monolayers each can be found in Ref. 9.

The vast majority of Raman measurements have con-
centrated on backscattering geometries from the (001)
surface. The selection rules in this case did not attract
much attention, probably due to the fact that LO modes
are allowed and TO forbidden in these geometries for
both the superlattice and the bulk. However strong devi-
ations from bulklike selection rules were observed by
Zucker et al.'® in a special waveguiding structure which
allowed a 90°-scattering geometry to be measured.
Namely, LO modes were observed where TO modes were
expected and vice versa. An explanation using the
momentum associated with the phonon quantization was
later given.> As the momentum of the mth-order quan-
tized phonons, given by mm/d, where d is the corre-
sponding layer width, was much larger than the momen-
tum transfer ¢ of the photon, it was proposed that the
latter should be replaced by the former when deciding
whether the optic mode has longitudinal transverse char-
acter. A recent microscopic calculation by Huang, Zhu,
and Tang!* agrees with these results.

Besides the confined optical modes and their selection
rules, the interface (IF) phonons have been intensively
studies.'*~!7 These modes have atomic displacements
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which peak at the interfaces and rapidly decay into the
GaAs and AlAs layers. Their frequencies lie between
those of the bulklike TO and LO frequencies and exhibit
a strongly anisotropic dispersion. Early evidence of such
modes was observed at resonance in a GaAs/AlAs super-
lattice by Merlin et al.! Similar structures were later
seen in more detail and clearly interpreted as the signals
of interface phonons by Sood et al.!®> It is noted that
both experiments were carried out in a backscattering
geometry from the (001) surface where such modes
should have energies close to the bulklike TO and LO en-
ergies in a perfect crystal. Their observation between the
TO and LO frequencies was thus attributed to impurity-
induced scattering under resonance conditions which
gives access to a range of finite in-plane wave vectors g,.
Also from the (001) surface not deviating from a perfect
backscattering configuration, Nakayama, Ishida, and
Samo'® investigated a special air/GaAs/AlAsGaAs het-
erostructure. With this structure they were able to mea-
sure the dispersion of the two interface-phonon polariton
modes in the AlAs frequency region even with the small
in-plane moment obtainable under off resonance. Recent-
ly micro-Raman-spectroscopy results showing the disper-
sion of the IF phonons in GaAs/AlAs superlattices were
presented.!’

In this paper we present more detailed micro-Raman
measurements of the dispersion of IF phonons together
with measurements of TO and LO phonons in a number
of unusual backscattering geometries with the laser in
[110] and [010] directions, perpendicular to (110)
cleavage and (010) polished planes. The small laser spot
sizes at the sample surface (diameter <1 pm) obtained by
our microscope setup allows such configurations to be
measured. We excite the IF phonons off resonance, and
hence momentum is conserved. In other words, the
momentum of the scattered phonon is fully defined by the
laser energy together with the scattering geometry. By
polishing and tilting the planes under different angles, the
in-plane momenta g, is varied over a wide range
(0=g,=9X 10° cm™!), enabling us to map out directly
the interface-phonon dispersion.
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II. EXPERIMENTAL DETAILS

Five different SL samples were used for the measure-
ments. They were grown on [001] GaAs substrates by
molecular-beam epitaxy. Figure 1(a) schematically shows
a sample and some important axes, the labeling of which
refers to the cubic conventional unit cell of the bulk ma-
terials where the cleavage planes are perpendicular to the
[110] and [110] axes, denoted X and 7, respectively. A
second coordinate system consisting of the axes X||[100],
§/|[010], and X is also shown. For backscattering from
the (010) plane, the samples were polished perpendicular
to the y axis.

The thickness of the GaAs layers d, is about 100 Ain
all samples, whereas the thickness of the AlAs layers d,
varies from 25 to 200 A. These values, as determined by
transmission electron microscopy, are given in Table I to-
gether with the number of periods and the resulting total
SL thickness for the five samples studied.

The Raman spectra were obtained at temperature us-
ing a triple grating Dilor XY spectrometer with a focal
length of 0.5 m. Excitation was achieved with the 568.2-
nm (2.182-eV) or 530.9-nm (2.336-eV) lines of a Kr*
laser. A microscope objective focuses the laser light onto
the sample surface, and the same objective collects the
signal. The spectrometer was used in the subtractive
mode with a spectral resolution of 3.0 cm ! at 568.2 nm
and 3.5 cm ™! at 530.9 nm. The signal was amplified by a
multichannel plate and detected by a cooled Si diode ar-
ray.

As already mentioned, different values of g, can be
achieved by tilting and polishing the samples under
different angles. Figure 1(b) shows a typical scattering
geometry. The sample is polished at an angle of B with
respect to the layer normal and tilted so that the SL lay-
ers are oriented at an angle of y with respect to the direc-
tion of the incident laser light. We study samples with
B=0° and B=30° and measure for various tilt angles y.
The angle of polishing 8 and tilt angle ¥ determine the
angle of incidence 6 for the laser light. From the figure it
can be seen that 6=y —B. Because of refraction, the cor-
responding angle inside the sample reduces to 6, given by
sinf=n sinf;, where n is the refractive index of the SL.
The refractive index n of the SL was weighted by the in-
dividual layer thickness

h =(n1d1+n2d2)/(d1+d2) y

with values for n, (GaAs) and n, (AlAs) taken from Refs.
18 and 19. The phonon momentum g is given by
q =4mn /X, where A is the wavelength of the incident
laser light. In the figure, g, together with its components
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FIG. 1. (a) Schemati:: of a superlattice grown along [001] (the
z direction). The axes X||[110] and ’§\f||[ 110] are perpendicular to
cleavage planes. Some samples were polished perpendicular to
the [010] axis (the y direction), as indicated in the figure. (b)
The phonon wave vector q and its components parallel q; and
perpendicular q, to the SL layers for a sample tilted and pol-
ished by the angles ¥ and B, respectively. The laser light is
oriented at an angle 6 (6,) outside (inside) the sample with
respect to the surface normal.

g, and g, parallel and perpendicular to the layers, are in-
dicated by the corresponding arrows. They are related by

q,=qcos(B+6,), (1)
q,=qsin(f+6,) . 2)

It is noted that due to the relatively large aperture of the
microscope objective, backscattered laser light over a
range of scattering angles is collected. This leads to an
envelope of detected g, and g, values. However, the
large refractive index difference between air and the SL

TABLE I. The structure parameters of the samples.

Sample A B C D E
d, (&) 105 95 105 105 100
d, (A) 25 45 75 135 200
Number of periods 90 60 50 50 50
Total SL thickness in the 1.17 0.84 0.9 1.2 1.5

[001] direction (um)
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(refractive index of about 3.5) helps to reduce this effect.
For instance, a typical variation in collected 6 of 30° leads
to only a 8.2° variation in 8.

III. RESULTS AND DISCUSSION

Various measurements from the (010) polished (Fig. 2)
and (110) cleaved (Fig. 3) surfaces are now discussed.
The Raman spectra shown are obtained from sample C
with the laser at 530.9 nm (2.336 eV) but are typical of
what was observed. Phonons near the LO and TO fre-
quencies are seen, along with interface modes lying in be-
tween. We note that due to the relatively thick layers,
quantization effects of the optic modes are not resolved.
However, the relation for the quantized phonon wave
vector, m/d > g still holds since 7/d =3.14X10° cm ™!
for the GaAs layers and ¢=8.94X10° cm~!. The
optical-mode selection rules predicted by the two
methods described in the Introduction (which agree with
each other for the shown geometries), together with the
selection rules for bulk material, are written alongside the
relevant spectrum in Figs. 2 and 3 and are now compared
with the observed spectra. In Fig. 2 the y(x,x)y spec-
trum and in Fig. 3 the two depolarized spectra are in
good agreement with the theoretical predictions. The
y(x,2)y, y(z,x)p, and y(X,X)y spectra, however, are in
conflict with the superlattice selection rules. In these
three cases the observations could be explained if we as-
sume that a significant part of the signal originates from
the neighboring GaAs. However, this is unlikely due to
the submicrometer laser spot which we carefully centered
on the SL (using a piezodriven plate with a precision of
0.1 pum) by optimizing upon the IF phonon signal. Final-
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FIG. 2. Raman spectra of sample C at a laser wavelength of
5309 nm (E;=2.336 eV). The four possible scattering
configurations for backscattering from the (010) plane are
shown. The dashed lines indicate the bulklike TO and LO fre-
quencies; the arrows mark IF phonons. Alongside each spec-
trum, the predicted Raman scattering for optical phonon modes
together with the corresponding Raman tensors (taken from
Ref. 30) for the SL (point group D,,) and bulk (point group T,
are listed.
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FIG. 3. The corresponding spectra to Fig. 2 but now with the

wave-vector component q; in the y direction, i.e., for back-
scattering from the (110) plane.

ly, the disagreement seen in the y (z,z)y and y(z,z)y traces
are not explicable through invoking such a bulk contribu-
tion. Here, strong TO modes are observed for both GaAs
and AlAs which are forbidden in both bulk and superlat-
tice. It is clear that the microscopic theory'* does not
give an adequate description of our observations.
Between the frequencies of the bulklike TO and LO
phonons of GaAs and AlAs, respectively, additional
peaks can be seen in Figs. 2 and 3 (marked by arrows)
which are attributed to interface phonons. To determine
the dispersion of these IF phonons, we measured their
frequencies in different geometries, as shown explicitly in
Fig. 4. The spectra are taken in crossed polarizations as
these showed the most intense IF phonon signals. To de-
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FIG. 4. Raman spectra in crossed polarization of sample C
for different values of the wave-vector component q; parallel to
the SL but with constant total momentum transfer
q =8.94X10° cm™'. Arrows mark the IF phonons. The corre-
sponding scattering geometries are shown inset.
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scribe the scattering geometries used, a new coordinate
system is introduced. The system x,y’,z’ is the system
x,p,z rotated about the x axis so that the y’ axis is kept
parallel to the incident laser light inside the sample. For
geometries with the incident laser light in the (110) plane,
an analogous system X,7’,Z’ which emerges from the sys-
tem X,7y,z is later used. In backscattering from a (001)
surface, i.e., vanishing momentum transfer g, parallel to
the layers, the frequencies of the IF phonons are close to
the frequencies of the confined TO and LO phonons and
are no longer resolved (not shown in Fig. 4). With in-
creasing g, the frequencies of the IF phonons shift away
from the TO and LO frequencies of GaAs and AlAs, re-
spectively. The intensity of the IF phonons in the paral-
lel configurations y'(x,x)y’ and y’'(z’,z’,)y’ is much
weaker than in the corresponding crossed polarizations
shown. A comparable intensity of the IF phonons is only
observed in the configuration 7'(%,X)y’. We also note
that no change of the IF phonon frequencies could be
measured between configurations with the laser light in
the (y,z) plane or the (7,z) plane.

We now compare the measured IF phonon frequencies
with the values calculated in the dielectric-continuum
model. In this model the layers of the polar materials
GaAs and AlAs are described by their dielectric func-
tions €;(w) and €,(w) depending on the frequency « but
independent of the wave vector g. One can write €(w) as

0*—o?

flo)=€,——> , 3)
"~ Wto

where €, represents the high-frequency dielectric con-
stant and wrq, ;o are the frequencies of the TO and LO
phonons in the long-wavelength limit. The periodic
structure of the SL is then incorporated by the periodic
modulation of the dielectric function. Using Maxwell’s
equation V(eE)=0, an implicit equation for the disper-
sion of IF phonons is obtained:?!

cos(gq,L)=cosh(q,d,) cosh(q,d,)
+xsinh(gd,)sinh(q,d,) , 4)
with
k=21(e /€e,F€,/¢€),

where L =d, +d, is the SL period, the values of g, and
q, are defined by Egs. (1) and (2), and values for €, in
GaAs and AlAs were taken from Ref. 22.

In Fig. 5 the peak positions of the IF phonons for the
same sample as in Fig. 4 are shown for a range of g, but
in each case with the same total ¢ =8.94X10° cm !
They are plotted as a function of the dimensionless num-
ber g, L. The peak positions in a given spectrum were ob-
tained by fitting Lorentzians to the trace. In different
spectra for the same experimental conditions, the posi-
tions differ by about 3 cm™!. Since no systematic
difference of the peak positions obtained in the y’(x,z' )y’
and y'(X,X )y’ configurations could be measured, values
from various spectra for both configurations are averaged
for each plotted gL value and shown in the figure.
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FIG. 5. Measured IF phonon energies (dots) and calculated
dispersion curves (solid lines) for sample C as a function of the
in-plane momentum transfer multiplied by the SL period q;L
where L =105+75 A. The value of q, is given by q3=q2-qﬁ
with ¢ =8.94X10° cm~!. The dashed lines show the limiting
cases ¢,=0and ¢q,=w/L.

The solid lines in Fig. 5 are the calculated IF phonon-
dispersion branches for g, and g, as defined by the exper-
iment. The extreme limits for the solution of Eq. (4),
namely, the IF phonon branches for g, =0 and q,=w/L,
are shown by the dotted lines. It is seen that the resul-
tant forbidden energy gap between the two IF mode
branches is, within experimental error, not encroached
upon even at large g L in agreement with the theory.
Similar dispersion curves were obtained for the other
samples.

For a comparison of the five samples with almost con-
stant GaAs layer width but different thicknesses of the
AlAs layers, we show in Fig. 6 the spectra of each sample

in the same scattering geometry y'(%,%)y’. The laser
wavelength is 568.2 nm (2.182 eV). The observed IF pho-
non modes are marked by arrows. With increasing AlAs
layer width, the intensity of the high-energy IF phonon in
the AlAs region becomes larger. An opposite trend can
be seen in the GaAs region. The asymmetry of the IF
modes in the AlAs region was also observed by Sood
et al.’ and is attributed to the differing symmetry of the
corresponding modes. That is, the symmetries of the
modes in the GaAs region are simply opposite to those in
the AlAs region, which explains the difference between
the GaAs and AlAs IF phonon intensities observed in
single spectra. As the symmetry flips when going
through d,=d,, the symmetries of the IF phonons
should also. This trend is seen in our results by the evo-



L L :. :l " LL. l: L
250 300 350 400

46 INTERFACE-PHONON DISPERSION AND CONFINED- . . . 4075
E,=2.182eV 9y
g0 [T g
®. e " 0
390 .,
2 ,/’/( i_ o
= ot SN (a) go
K 370 \’.—'\\—4_ 0 1
[ ] ()
-
=
2}
Z
[u1]
’_—
Z
g T
3 §
a s
>
(O]
o
[57]
P
w

ENERGY (cm™)

FIG. 6. Raman spectra of all samples in the scattering
configuration y'(X,%)y’ at a laser wavelength of 568.2 nm
(E;=2.182 eV) showing the changes in the IF mode energies
and intensities for various ratios of d, /d,. Interface modes are
marked by arrows.

lution of the intensity ratios of the interface modes as the
AlAs layers ‘“‘become thicker.”

As a final demonstration that the IF phonons are well
described by the dielectric-continuum model and also
that phonon momentum is well defined, i.e., broadening
of the signal due to impurity-induced scattering is not im-
portant, we measured the IF phonon dispersion as a func-
tion of the thickness ratio d, /d,. In Fig. 7 we show the
experimental AlAs-like IF phonon energies (dots) for our
set of samples, which have near constant d, and widely
differing d, values, for three different geometries. The
measured energies are compared with the calculated
dispersion branches (solid lines). In order to be able to
compare the different samples, we used for the calcula-
tions a GaAs layer width of d, =100 A. It is noted that
in spite of the same laser energy in each geometry, g and
q, are not strictly constant with respect to d, /d, due to
the refractive index of the SL, which depends on the layer
thicknesses. The effect is included in the calculations but
is only small. Also shown (dotted lines) are the calcula-
tions for the two extreme geometries, g, =0 and g, =g.

In each graph we observe the minimum in the energy
difference of the two AlAs IF modes around d, =d, pre-
dicted by theory. Quantitatively good agreement be-
tween the measured and calculated energies is also found,
except for sample E (d,/d,=0.5), which consistently
shows values closer to the bulk than predicted. Especial-
ly interesting is the lower part of Fig. 7 where the
geometry is such that g,=0. In this case the modes are
predicted to be degenerate at d, =d, which is borne out
by the measurements where the mode separation becomes
much smaller when approaching d,/d,=1, being un-
resolved at d, /d,=1.35.

380
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360 F T q |
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FIG. 7. Measured (dots) and calculated (solid lines) IF pho-
non energies as a function of d, /d, for three different scattering
geometries with increasing in-plane momentum transfer. The
dashed lines are the calculated curves for g,=0 and ¢, =¢q. A
GaAs layer thickness d, =100 A was taken for the calculations.

IV. CONCLUSION

Using micro-Raman spectroscopy, we have studied the
optical-phonon region of five GaAs/AlAs [001] superlat-
tices. The submicrometer laser spot size allowed us to in-
vestigate several backscattering geometries—in particu-
lar, those with photon electric fields in the growth direc-
tion. The observed Raman intensities for the longitudi-
nal and transverse confined optical modes could not be
explained by the predictions of a recently developed mi-
croscopic theory.'*

The IF phonon dispersion was then investigated over a
wide range of in-plane momentum for each sample. This
was realized by tilting the sample relative to the laser
light and also varying the laser energy. Good agreement
was found with the dielectric-continuum model and the
IF phonon ‘“‘gap” was preserved even for the largest in-
plane momenta.
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Finally, the AlAs IF phonon energy as a ratio of GaAs
and AlAs thickness was studied where characteristic
minima of the mode separation at equal thicknesses were
observed. Again, the dielectric-continuum model agreed
well with our results.

These studies of the IF phonons clearly demonstrate
that momentum is conserved for the scattering process
observed in our experiments. Therefore, impurity-
induced scattering or symmetry-breaking resonance
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effects cannot be contributing significantly to the ob-
served anomalous confined optical phonon cross sections.
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